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Outline

- PIXELAV = very detailed simulation of charge collection in silicon
detectors

- developed to explain CMS test-beam data after irradiation

“Observation, modeling, and temperature dependence of doubly peak edelectric fields in irradiated silicon pixel
sensors.” M. Swartz et al. Oct 2005. Published in Nucl.Instrum.Meth.A565:212-220,2006.

- New technique for position reconstruction in pixel detectors
- based on shapes predicted by PIXELAV
- for best performance, requires local incidence angles of the track
(optimally used in the final track fit)
- documented in CMS (public) note:

“A new technique for the reconstruction, validation, and simulation of hits in the CMS pixel detector.”
M. Swartz, D. Fehling, G. Giurgiu, P. Maksimovic, V. Chiochia (CERN) . CERN-CMS-NOTE-2007-033, Jul 2007.

- Other uses:
- reject wrongly assigned hits (improve track seeding)
- split overlapping clusters (also reject some delta rays)

- realistic simulation of irradiation



CMS Tracker System

- CMS tracker is all silicon:
- strips
- pixels charged particle

Outer Barrel (TOB)

0 pixels

charge collected by multiple
< volume pixels — clusters

running temperature - 20 °C
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CMS Pixel Detector )

- Three barrel layers:
*4.3,7.2,11.0 cm from beam line

* 10-15 um resolution

- Two forward disks on each side

- Pixel size: 100 um x 150 um
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CMS Pixel Detector °

- Pixel size: 100 um x 150 um
- Cluster shape depends on “local incidence angles” o and [3
- Length of each projection depends on coto and cotfy

charge loss
........... I I D e T e B B e o o © after irradiation
. X
ROC
Global z (local y) ———» < Global ¢ (local x) one
pixel

- Before irradiation:
* charge sharing is uniform along z and ¢

- After irradiation:
* defects in the silicon lattice trap charge from one side of clusters
* clusters become smaller, asymmetrically

longer drift — more charge trapped — smaller signal
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PIXELAV Realistic Simulation

- PIXELAV = transport simulation of individual electrons

- E-field modeling w/ TCAD 9.0
- data well-described by tunable double-junction model
from F =(0.5-6)x10"* neg/cm?
- charge projections of clusters in test-beam data (of both unirradiated
and irradiated detectors) are described extremely well
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Example of a Pixel Clusters

- Example barrel cluster (from a high — 1 track)
- green pixels are below threshold
- note that true hit position is in a pixel which is not part of the cluster

N\ n=1.83

38.9 8.1/ 9.741.[10.1
22.9 o] M1.912.710.90.2

>
/

Lorentz drift

8.1 9.7 11.10.112.710.2|
>y

- Making templates:
- Use PIXELAV gives projections of average cluster shapes for all 0t and [3

- Only X and Y projections are encoded:
- they are (roughly) independent
- require less space
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emplate Object

- A template object is a map of expected charge depositions for given local

incidence angles O and 3

- Charge deposited in a pixel is divided in 9 bins:
>y
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pixel -1 pixel O pixel 1
Unirradiated Template

Bin Px-6 Px-5 Px-4 Px-3 Px-2 Px-1 Px @ Pxs+l Px+2 Px+3 Px+d Px+5 Px+6
@ .6 .8 .@ LB 11884.5 135387.8 13549.2 11913.7 .8 .0 . L@ B
1 .6 .8 .@ LB 10198.0 13727.3 13592.2 13404.4 252.2 .0 . L@ B
2 .6 .8 .@ LB 8312.6 135397.7 13559.3 13577.9  1688.0 .0 . L@ B
3 .6 .8 .@ B 67627 136B7.2 13677.0 13681.3  3428.0 .0 . L@ B
4 N B .@ LB 53165.2 13569.4 13603.1 13644.9 5839.3 .0 B L@ B
3 N B .@ B 3412.1 13718.7 13604.0 13630.6  6812.7 .0 B L@ B
& N .8 L@ B 1783.1 13589.6 13566.5 13567.4  8556.2 .0 @ L@ B
7 .8 B .6 B 216.7 13396.4 13685.1 13544.1 182068.5 .0 .8 .8 B
8 .8 B .6 B .6 11884.5 13587.8 13549.2 11913.7 .0 .8 .8 B
"]
Dd=6x101 h,,/cm- Template
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1 ] B L@ B T476.2  9leb.4  T73Bl.2  6194.2 872.6 148.9 9 . B
2 .8 .9 .@ B 6led.6  94B3.8  T423.7 6417.5 1429.4 187.5 9.6 . B
3 .8 .9 .@ B 4736.1 9578.6 T7el4.0 e6lb.6  2081.9 233.6 20.6 . B
4 .8 .9 .@ B 3432.4 979.6 T7814.7 6764.0 2789.8 291.1 4.6 . B
5 .8 .9 .@ B 2112.5 9944.1 BB87.9 6894.2 3496.9 i57.9 49.4 . B
6 .8 .9 .@ B 7oB.7 1e1l74.1 8382.4 TelB.6  4199.1 445.9 67.9 . B
7 .8 .9 .@ B 33.3 10b14.0 8695.2 7053.7 4882.2 538.5 96,1 . B
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Template Reconstruction Algorithm

- Cluster shape provides information for optimal hit reconstruction
- After irradiation, cluster shape still contains enough position information

- Given the track incident angles
o and B, find corresponding

expected cluster shape (template) |

- Do this separately for X and Y

projection
10000

Signal

- Determine the hit position
that minimizes y? between

template and cluster 5000
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Expected Template Performance

- PIXELAV comparison between standard (red) and template (blue) algos
- Before irradiation: expect good resolution improvements

before irradiation

local y position local x position
Barrel Z—Hit Resolution  ,, Barrel ¢—Hit Resolution
: Unirradif.ted. 5x500 e thresh - — CMSSW, 1<q/Q“g<1_5 )
or o sl ——Templ, 1<Q/Q,,<1.5  /
| - — CMSSW, Q/Qu,g<1 J
S T ol — Templ. Q/Qu<1 /!
an— E [ ,’f
o | ] .- 2
= | = N
- - — CMSSW, 1<Q/Q,,<1.5 1w} S~
tor — — Templ, 1<Q/Quy<1.5 : T
— CMSSW, Q/Qupg<1 sf
— Templ, Q/Qav;<1 | Unirradiated, 5x500 e thresh
%.. = .015. = .110. = .1:5‘ = .2:0. = .215‘ = .3.0 %.0 015 1:0 115 2:0 2:5 3.0
n n

(here, CMSSW = standard CMS reconstruction)
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Expected Performance After lrradiation

- After irradiation: standard algorithm is much more affected
than templates
==> template algorithm will perform much better and will have
much smaller biases

after irradiation
local y position local x position

o Barrel Z—Hit Resolution  Barrel ¢—Hit Resolytion

@=6x10“‘11eq°m_2, 5x5600 e thresh - — CMSSW, 1<Q/Qm<1.5 !
sol S -7 (a) |~ ~Templ, 1<Q/Qqp<1.5 / (b)
: ’f '.1I - +  —— CMSSW, Q/ans<1 J!
; W —Templ, Q/Qurg<1
a0l Fa
— I — 4
Fd
B -~
2| g :
~ a0 " ~ 20} Jie
2 L v, S e = e - (¢ -———— "
== [ =i __..:-__:::::‘.—
B s ~.
20 — — CMSSW, 1<Q/Q,,<1.5 [ S~ T~
i — ~Templ, 1<Q/Qup<1.5 10 T
18 — CMSSW, Q/Qayg<1 I
: — Templ, Q/ngg<1 I =b=8x101*neqcm_2, 5x500 e thresh
%.D 0:5 l:ﬂ 1:5 2:0 2:5 3.0 %.ﬂ. = lD:5. = .1:0. = ‘1:5l - ‘Zfﬂl = -2:5. = .3.0
n n

(here, CMSSW = standard CMS reconstruction)
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Removing Low Charge Clusters -
- Low charge clusters are produced by upstream delta-rays or edge clusters

- Delta rays (magenta) can be removed using the y? probability
between the observed and expected cluster shapes

- Cluster charge distributions produced by 10 GeV muons in different n bins:
* black — u*, red — ', magenta — electrons (delta rays)

h_Qb_eta mup_5 h_Qb_eta_mup_86 1200 h_Qb_eta_mup_7 h_Qb_eta_mup_8 h_Qb_eta_mup_9
2000F S50F
2500 ] ] 500
Entries 18011 1800F Entries 17199 1000 Entries 11719 Entries 6828 300k Entries 5621
2000 Teoog 800 400 2s50f
Mean 5.306e+04 1400F Mean 6.647e+04 Mean 8.43e+04 Mean 1.058e+05 Mean 1.335e+05
1500 1200F 600 300 200f
RMS 1.793e+04 1000E RMS 2.198e404 RMS 2.826e+04 RMS 3.3650+04 150k RMS  4.25e+04
1000k 8ooF 400 200
600F 100f .
s00f- low n a0of 200 100 - high n
200F

200 300 400
Q (el)

Pixel 2008, Sep 26

10

o]

. .
100 200 300 400
Q (el)

10

.
200 300 400
Q (el)

200 300 400
Q (el)

10

10

o]

'
100 200 300 400
Q (el)



13

Removing Low Charge Clusters (2)

- A hit probability cut of 103 removes most of delta-rays and edge clusters
- Efficient: only ~1-2 % of true hits are removed

h_Qb_eta_mup_5 h_Qb_eta_mup_6 h_Qb_eta_mup_7 h_Qb_eta mup_8 350F
2000
2500F Entries 16697 1800F Entries 15648 1000f Entries 10123 500f Entries 5728 300F
1600F 250k
2000p Mean 5.362e+04 1400k Mean 6.703e+04 800 Mean 8.623e+04 400 Mean 1.097e+05
1200 200F
1500F RMS  1.378e+04 RMS  1.545e+04 600 RMS 1.802e+04 300F RMS 2.141e+04
1000
150 F

1000F 800F 400 200F
600 100
low n
500 400F 200 100 50F
200F
O.J <10 o-J b<10 o . 10 o )
o 100 200 300 400 0 100 200 300 400 0 100 200 300 400 (o] 100 200 300 400 o 100 200 300 400
Q (el) Q (el) Q (el) Q (el) Q (el

90000 Template y—fit

$ P,xAP,

- Another approach: split clusters. ] S

- Developed for tracking in dense jets gm

- Accidental benefit; effective in .
removing delta rays as well!

..... Y
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Speed-up Tracking with Better Track Seeding

- In a dense hadronic environment, time of pattern recognition (tracking) is
driven by the combinatoric of multiplets of hits

- At CMS, the default algorithm starts from pixel "seed' and goes outward

- Pixel seed:

- 2 or 3 pixel hits

y-projection o
- Template fit can help avoid wrong (]
seeds: /
- run the template fit, cut on probability -
L~
- will remove clusters that are incon- =
sistent with the track hypothesis /

==> Speeds up tracking by almost x2!'  —=

- Under study: remove dubious hits at the end, in "outlier rejection'’
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Simulating Irradiation Effects

- PIXELAV reproduces cluster shapes after irradiation extremely well
- alas, too slow to run directly in CMS simulation!

- Default CMS charge deposition/collection is fast, but too idealized

- Compromise: use the default charge deposition/collection, but reweight
using ratio of PIXELAV and average default simulation

- default CMS simulation fluctuates the charge collection properly
- radiation damage is taken into account
- it's fast

- Main technical challenge was to manufacture 2D shapes from two 1D
templates (along X and Y)
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Tracking Resolution with Template Reco.

- Compare y? and Gaussian width of track parameters' pulls
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- Improved %2, impact parameter (d,), Z,, cot(0) and azimuth angle (¢)
resolution especially at high-n ranges
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Tracking Resolution with Template Reco.(2)

- Template algorithm significantly reduces tails in the pulls:

[___pull of 40 parameter | pullDD pullDD
i | Entries 14612 Entries 14612
Mean 0.1581 Mean 0.1357
RMS 1.805 RMS 1.162
st | 7/ mdf 480.3 / 159 %2 I ndf 218/74
Constant 0.07101 = 0.000FF Constant 0.07429 = 0.00082
Mean 0.1331 = D.0021 Mean 0.1285 = 0.0088
0 LSigma 1.087 = 0.007 H+ 'H-f Sigma 1.058 + 0.008
= R i
5 o W 2 J'ILL ) I 3
I, it L1 A 3 W |I A
I I [
1 L il ul
5 20 “15 =10 -5 25
Il of met ullPhiD
pullPhi0 Entries 14612
Entries 14612 Mean 0.1838
Mean 0.1835 RMS 1.16
. | rms 1.536 ¥2 I ndf 185/ 70
%2 f ndf 407.4 /128 Constant 0.07489 = 0.00079
Constant 0.07174 += 0.00080 Mean 0.1738 = 0.0088
a Mean 0.175 = 0.009 Sigma 1.052 + 0.007
o Sigma 1.081 + 0.008
E | i) bty i |
L 1 1 -
=15 =10 15 0

- Expect to see significant improvement in b-tagging, especially in mistag
rate which is driven by tails!
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B-Tagging Using Template Hits
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- B-tagging algo = based on the significance of impact parameter (IP)
- Run on generic QCD sample

B-Tag Efficiency vs Mistag Rate

| Default
=
- Templates + PS (removd low charge clusters)
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Efficiency to tag b-quark

- For b-tag efficiency of 50% the mistag rate is reduced by a factor of 2
- For a mistag rate of 1% the b-tag efficiency is better by 10%



Conclusions

- A new method (template algorithm) that uses all available charge
information has been developed

- Before radiation damage: improved hit resolution (also better errors)
- After radiation damage:  the only option available!

- Improved b-tagging:
- Reduced b-tag mistag rate by factor of 2

- By-product of the template method is the pixel hit probability
- When used to clean track seeds' — tracking time reduced x2!

- Templates can be used to simulate irradiated sensors
- By re-weighting simulated clusters
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